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Herein,  the  influence  of  the  carbon  precursor  used  for  the  realization  of  carbonaceous  percolating 
network  incorporating  ZnFe204  is  investigated.  Three  different  precursors,  namely  sucrose  (Sue),  citric 
acid  (CA),  and  oleic  acid  (OLEA)  were  used  for  the  realization  of  such  carbonaceous  matrix.  The  com¬ 
posite  materials  were  characterized  by  means  of  thermogravimetric  analysis  (TGA),  gas  adsorption  using 
the  BET  isotherm,  Raman  spectroscopy,  X-ray  diffraction  (XRD),  and  scanning  electron  microscopy  (SEM). 
Electrodes  based  on  the  resulting  composite  materials  were  investigated,  performing  electrochemical 
impedance  spectroscopy  and  galvanostatic  cycling.  The  results  showed  that  the  homogeneity  of  the 
carbon  coating  rather  than  the  absolute  amount  of  carbon  enhanced  the  electrochemical  performance  of 
ZnFe204  nanoparticles.  The  most  advantageous  coating  properties  were  obtained  with  sucrose  as  carbon 
precursor,  obtaining  a  highly  stable  specific  capacity  higher  than  1000  mAh  g-1  for  more  than  60  cycles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  the  steadily  increasing  worldwide  demand  for  energy  and 
the  limited  resources  of  fossil  fuels  such  as  crude  oil,  coal,  and  natural 
gas,  renewable  energy  technologies  are  gathering  increasing  atten¬ 
tion  by  scientific  researchers  and  politicians.  Nonetheless,  the  effi¬ 
cient  utilization  of  renewable  energy  is  strongly  correlated  to  the 
identification  of  suitable  storage  devices.  Particularly  with  respect  to 
modern  transportation,  as  inter  alia  cars,  alternatives  to  the  classical 
combustion  engine  are  required  in  order  to  enable  the  use  of 
renewable  energy  for  future  society’s  mobility.  One  possible  and 
currently  most  likely  considered  alternative  is  the  electric  vehicle 
( EV),  based  on  the  utilization  of  a  battery  as  energy  and  power  supply. 
However,  beside  low  cost,  high  reliability,  and  high  safety,  the  desired 
battery  should  offer  low  overall  weight  and  volume.  One  of  the  most 
promising  candidates  to  fulfill  these  requirements  is  certainly  the 
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lithium-ion  battery  (LIB),  as  it  offers  superior  gravimetric  and  volu¬ 
metric  energy  and  power  densities,  highly  efficient  energy  conver¬ 
sion,  and  long  battery  life  altogether  [1,2].  Nevertheless,  further 
improvement  of  the  existing  lithium-ion  technology  is  required  in 
order  to  enhance  the  energy  and  power  density  as  well  as  safety. 

Carbonaceous  anode  materials,  as  one  component  of  the  battery, 
suffer  from  safety  issues  due  to  the  low  lithiation  potential  and  the 
accompanied  risk  of  metallic  lithium  deposition  as  well  as  the 
comparatively  low  theoretical  capacity  (e.g.  372  mAh  g'1  for 
graphite).  ZnFe204  (ZFO)  has  attracted  increasing  interest  as  alter¬ 
native,  promising  new  anode  material  due  to  its  attractive  theo¬ 
retical  specific  capacity  of  more  than  1000  mAh  g-1.  Furthermore,  it 
is  environmentally  friendly,  non-toxic,  as  well  as  based  on  abun¬ 
dant  elements  and  thus  cheap.  The  major  challenge  for  ZFO-based 
anodes  is  the  observed  capacity  fading  upon  cycling  and  a  poor  high 
rate  capability  [3-7].  Very  recently,  however,  it  has  been  reported 
that  the  application  of  a  carbon  coating  appears  to  be  a  very 
promising  approach  to  overcome  these  challenges.  Carbon  coated 
ZFO  electrodes  revealed  a  stable  capacity  for  more  than  100  cycles 
and  a  significantly  enhanced  power  performance  [8]. 
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The  effect  of  a  carbon  coating  on  the  overall  electrochemical 
performance  is  strongly  correlated  to  its  structural  and  morpho¬ 
logical  properties  such  as  uniformity,  thickness,  relative  weight  to 
the  coated  active  material,  structure  (sp3  to  sp2  ratio),  as  well  as  the 
carbon  precursor  source  [9-14].  For  LTO/carbon  composites  and 
LFP/carbon  composites,  for  instance,  it  was  already  shown  that 
there  is  an  optimal  carbon  content  and  coating  layer  thickness,  for 
which  the  electrochemical  performance  is  best  [9,12]. 

Hence,  three  well  established  carbon  precursors,  namely  su¬ 
crose  (Sue),  citric  acid  (CA),  and  oleic  acid  (OLEA),  were  utilized  to 
carbon  coat  nanosized  ZFO  [8,9,15-17].  The  resulting  ZFO/C  mate¬ 
rials  were  morphologically  and  structurally  characterized.  Subse¬ 
quently,  electrodes  based  on  the  composites  were  investigated 
performing  electrochemical  impedance  spectroscopy  and  galva- 
nostatic  cycling. 
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Fig.  1.  XRD  patterns  of  (a)  pristine  ZFO,  ZFO/Suc,  ZFO/CA,  and  ZFO/OLEA  and  (b) 
pristine  ZFO  and  ZFO/CA  with  different  annealing  temperatures  and  residual  carbon 
content  (from  bottom  to  top:  ZFO/CA_5%_500  °C,  ZFO/CA_15%_500  °C,  ZFO/CA_15% 
_450  °C,  ZFO/CA_15%_400  °C,  ZFO/CA_5%_400  °C).  As  reference  given  in  the  bottom: 
JCPDS  card  no.  00-022-1012. 


Table  1 

Residual  carbon  content  and  specific  surface  area  of  pristine  ZFO,  ZFO/Suc,  ZFO/CA, 
and  ZFO/OLEA. 


Sample 

Residual  carbon 
content  [wt.%] 

BET  surface 
area  [m2g-1] 

ZFO 

20.7 

ZFO/Suc 

16.6 

82.6 

ZFO/CA 

5.4 

33.4 

ZFO/OLEA 

2.2 

25.1 

2.  Experimental 

2.2.  Preparation  and  characterization  of  ZFO/C 

Carbon  coated  ZFO  nanoparticles  (ZFO/C)  were  obtained  by 
dispersing  1  g  of  the  as  received  ZFO  (<100  nm,  Aldrich  Chemistry) 
either  in  1.5  mL  of  an  aqueous  carbon  precursor  solution  of  Sue 
(ACROS  ORGANICS)  or  CA  (Griissing)  or  directly  in  the  liquid  carbon 
precursor  OLEA  (AppliChem),  followed  by  an  annealing  step  under 
inert  gas  atmosphere.  The  weight  ratios  were  1 :0.75  for  ZFO:Suc,  1 : 1.1 
for  ZFO:CA,  and  1:1.5  for  ZFO:OLEA.  The  obtained  dispersions  were 
homogenized  by  means  of  a  planetary  ball  mill  (Vario-Planetary  Mill 
Pulverisette  4,  FRITSCH,  2  x  45  min  at  400-800  rpm  with  10  min  rest 
in  between).  In  order  to  remove  the  excess  of  OLEA  a  minimum  of 
ethanol  was  added.  The  mixture  was  then  centrifuged  and  the  liquid 
phase  comprising  the  ethanol  and  the  excess  OLEA  was  removed 
analogous  to  a  method  previously  reported  [18].  Subsequently,  the 
residue  (ZFO/OLEA)  and  the  dispersions  (ZFO/Suc  and  ZFO/CA)  were 
dried  at  70  °C  under  ambient  atmosphere.  After  grinding  the  resulting 
powders,  the  composites  were  annealed  in  a  tubular  furnace  (R50/ 
250/12,  Nabertherm)  at  450  °C  (ZFO/Suc)  and  500  °C,  450  °C  or  400  °C 
(ZFO/CA)  for  4  h  under  a  constant  argon  gas  stream.  The  heating  rate 
was  set  to  3  °C  min-1.  The  annealing  procedure  of  the  ZFO/OLEA 
residue  was  slightly  different  in  order  to  minimize  evaporation  of 
OLEA  during  the  heat  treatment.  In  a  first  step,  the  temperature  was 
increased  to  380  °C  with  a  heating  rate  of  10  °C  min-1  and  held 
constant  for  30  min.  Subsequently,  the  temperature  was  further 
increased  with  a  heating  rate  of  3  °C  min- Ho  450  °C  and  kept  constant 
for  4  h.  Higher  temperatures  were  not  investigated  as  Ayyappan  et  al. 
[19]  have  reported  a  reduction  of  OLEA  capped  ZFO  under  argon  at 
temperatures  higher  than  480  °C.  Prior  to  their  further  use,  all  pow¬ 
ders  were  manually  ground  in  a  mortar  again. 

To  determine  the  residual  carbon  content,  thermogravimetric 
analysis  (TGA)  under  oxygen  atmosphere  was  carried  out  (TA 


Fig.  2.  Raman  spectra  of  pristine  ZFO,  ZFO/Suc,  ZFO/CA,  and  ZFO/OLEA.  Laser  wave¬ 
length:  532  nm. 
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Fig.  3.  SEM  images  of  (a)  pristine  ZFO  and  carbon  coated  ZFO:  (b)  ZFO/Suc,  (c)  ZFO/CA,  and  (d)  ZFO/OLEA.  Magnification:  100  kx. 


Instruments  Q  5000).  The  preservation  of  the  phase  purity  and 
crystal  structure  of  ZFO  after  the  carbon  coating  process  was 
confirmed  by  X-ray  diffraction  (XRD,  Bruker  D8  Advance  equipped 
with  a  copper  X-ray  tube  Cu-/Qi  radiation,  A  =  154.06  pm).  The 
homogeneity  of  the  carbon  coating  was  investigated  by  means  of 
Raman  spectroscopy  (Bruker  Optics  Senterra)  using  a  laser  with  a 
wavelength  of  532  nm  and  a  power  of  10  mW.  The  specific  surface 
area  of  the  different  samples  has  been  determined  by  nitrogen 
adsorption  measurements  and  calculated  according  to  the 
Brunauer-Emmett-Teller  (BET)  method  (Micrometries  ASAP 
2020).  In  order  to  investigate  the  morphology  and  surface  structure 
of  the  samples,  high  resolution  scanning  electron  microscopy 
(HRSEM)  was  performed  (Carl  Zeiss  Auriga®  HRSEM).  The  samples 
were  sputtered  with  gold  for  50  s  at  20  mA  by  means  of  a  sputter 
coater  (Quorum  Technologies  PQ150T  ES). 

2.2.  Electrode  preparation 

The  electrode  coating  started  with  the  preparation  of  slurries 
containing  the  active  material,  the  conductive  carbon,  and  the 
binding  agent  in  a  weight  ratio  of  75:20:5.  For  this  purpose,  the 
binder  material  (sodium  carboxymethylcellulose,  CMC,  DOW 
WOLFF  CELLULOSICS)  was  dissolved  in  ultrapure  water.  Subse¬ 
quently,  the  active  material  and  the  conductive  agent  (carbon  black, 
Super  C65®,  TIMCAL)  were  added  to  the  aqueous  solution.  The  ob¬ 
tained  mixture  was  homogenized  in  a  planetary  ball  mill  (Vario- 
Planetary  Mill  Pulverisette  4,  FRITSCH),  using  the  following  mixing 
procedure:  4x  30  min  at  400-800  rpm  and  10  min  rest  in  between. 
After  milling,  the  slurries  were  immediately  casted  on  dendritic 
copper  foil  (SCHLENK)  using  a  laboratory-scale  doctor  blade.  The 
wet  thickness  was  set  to  120  pm.  The  slurries  were  dried  for  10  min 
in  an  oven  at  80  °C  and  then  over  night  at  room  temperature.  Sub¬ 
sequently,  electrodes  with  a  diameter  of  12  mm  were  punched  and 
dried  under  vacuum  at  120  °C  for  around  24  h.  The  active  material 
mass  loading  of  the  electrodes  ranged  from  1.6  to  2.4  mg  cm”2. 


2.3.  Electrochemical  characterization 

The  electrochemical  characterization  was  performed  in  three- 
electrode  Swagelok®  cells  using  lithium  foil  (battery  grade,  Rock- 
wood  Lithium)  as  counter  and  reference  electrode.  All  cells  were 
assembled  in  a  glove  box  (MBraun  UNIlab),  having  a  H2O  content 
<0.5  ppm  and  an  O2  content  <0.5  ppm,  under  argon  atmosphere. 
The  separator  (Freudenberg  FS  2226)  was  saturated  with  the  elec¬ 
trolyte  comprised  of  1  M  LiPF6  in  a  3:7  volume  mixture  of  ethylene 
carbonate  and  diethyl  carbonate  (UBE).  Prior  to  characterization,  the 
cells  were  aged  for  24  h.  Galvanostatic  cycling  was  carried  out  by 
means  of  a  Maccor  Battery  Tester  4300  at  20  ±  1  °C.  For  the  calcu¬ 
lation  of  the  C  rate  a  theoretical  capacity  of  1000  mAh  g”1  was 
assumed  (1C  =  1000  mA  g_1)based  on  the  theoretical  up-take  of  9 
lithium  per  formula  unit  ZFO  according  to  Bresser  et  al.  [8]: 

ZnFe204  +  9  Li+  +  9  e”  — ►  LiZn  +  2  Fe°  +  4  L^O 

The  impedance  of  the  investigated  electrochemical  cells  was 
measured  after  ten  cyclic  sweeps  at  a  potential  of  3.0  V  by  means  of 
a  Solartron  1260  impedance  analyzer  connected  to  a  Solartron 
1287A  potentiostat.  The  frequency  range  was  set  from  100  pHz  to 
500  kHz  with  an  amplitude  of  10  mV.  The  impedance  of  cells  after 
certain  number  of  cyclic  sweeps  was  determined  utilizing  a  VMP  3 
potentiostat  (BioLogic). 

3.  Results  and  discussion 

The  XRD  pattern  of  the  as  received  ZFO  nanoparticles,  presented 
in  Fig.  l(a  and  b),  is  in  good  agreement  with  the  standard  reference 
(JCPDS  card  No.  00-022-1012)  for  the  face-centered  cubic  spinel 
structure  of  franklinite  ZFO,  having  the  space  group  Fd-3m.  No 
additional  reflections  were  observed,  revealing  the  starting  material 
as  phase-pure.  The  XRD  patterns  of  ZFO/Suc  and  ZFO/OLEA  (Fig.  la) 
are  as  well  in  good  accordance  with  those  of  the  JCPDS  reference  and 
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Fig.  4.  Electrochemical  investigation  of  electrodes  based  on  pristine  ZFO.  (a)  Galvanostatic  cycling.  Three  formation  cycles  at  C/20  (50  mA  g  1),  followed  by  constant  current  cycling 
at  C/10  (100  mA  g-1).  Cut-off  potentials:  0.01  V  and  3.0  V.  (b)  Potential  profiles  of  the  2nd  (C/20),  10th,  20th,  30th,  40th,  50th,  and  60th  cycle.  Cut-off  potentials:  0.01  V  and  3.0  V. 
Applied  C  rate:  C/10  (100  mA  g  1).  (c)  Nyquist  plots  after  the  1st,  2nd,  3rd,  4th,  5th,  and  10th  cyclic  potentiodynamic  sweep  at  a  potential  of  3.0  V. 


pristine  ZFO,  indicating  no  structural  changes  upon  the  carbon 
coating  procedure.  As  shown  in  Fig.  lb  ZFO/CA  composites  prepared 
with  different  CA  amounts  and  annealed  at  different  temperatures 
showed  additional  reflections  at  32°,  36°,  and  42°  which  could  be 
assigned  to  hexagonal  ZnO  (JCPDS  card  No.  01-070-8070)  and 
wuestite  structured  FeO  (JCPDS  card  No.  01-089-0687).  A  similar 
reduction  behavior  was  recently  reported  for  OLEA  capped  ZFO 
nanoparticles  (0  ~  10  nm)  [19].  It  was  suggested  that  upon  carbon¬ 
ization  the  evolving  carbon  monoxide  (CO)  reduces  the  ZFO  particles 
by  removing  oxygen  from  the  lattice,  resulting  in  the  formation  of 
ZnO  and  FeO  [19].  According  to  the  Boudouard  equilibrium,  the  for¬ 
mation  of  reductive  CO  is  favored  at  high  temperatures,  while  at 
lower  temperatures  the  formation  of  carbon  and  CO2  is  preferred. 
However,  a  further  decrease  of  the  temperature  to  below  400  °C  was 
not  investigated,  as  such  a  low  temperature  would  no  longer  guar¬ 
antee  the  complete  carbonization  of  CA.  It  is  assumed  that  an 
increased  formation  of  CO  upon  the  carbonization  process  is 
responsible  for  the  reduction  of  the  ZFO  particles,  originating  from 
relatively  higher  oxygen  content  of  CA  compared  to  the  other  carbon 
precursors.  Nevertheless,  the  sample  ZFO/CA_5%_400  °C,  showing 
the  lowest  intensity  of  the  impurity  reflections,  was  chosen  for  the 
subsequent  comparison  and  subjected  to  further  morphological  and 
electrochemical  characterization.  Moreover,  it  should  be  noted 
that  additional  reflections  due  to  carbon  could  not  be  detected  for 
any  of  the  samples,  thus  indicating  an  amorphous  structure  of  the 
remaining  carbon. 


The  actual  carbon  content  values  detected  by  TGA-DTG,  are 
given  in  Table  1.  For  ZFO/Suc  a  carbon  content  of  16.6  wt.%  was 
detected.  This  value  was  selected  according  to  previous  results  of 
Bresser  et  al.  [8].  The  carbon  content  for  the  ZFO/CA  having  the 
optimal  crystallinity  was  5.4  wt.%.  Due  to  the  more  challenging 
coating  procedure,  no  higher  carbon  content  than  2.2  wt.%  could  be 
obtained  for  ZFO/OLEA. 

Raman  spectroscopy  was  performed  in  order  to  further  evaluate 
the  structure  and  homogeneity  of  the  applied  carbon  coating.  The 
resulting  spectra  are  presented  in  Fig.  2.  Compared  to  pristine  ZFO, 
all  coated  samples  show  two  newly  appearing  bands  at  wave 
numbers  around  1354  cm-1  and  1595  cm'1,  which  are  highly 
characteristic  for  carbonaceous  compounds.  The  feature  located  at 
1354  cm-1  is  assigned  to  the  D  band  (disordered  graphitic  struc¬ 
ture)  and  the  one  at  1595  cm-1  to  the  G  band  (graphitic  structure) 
[9,20].  In  general,  carbon  bands  are  much  more  intense  than  those 
of  pristine  ZFO.  However,  only  for  ZFO/Suc  the  characteristic  ZFO 
bands  do  not  appear  anymore,  while  they  can  still  be  observed  for 
ZFO/CA  and  ZFO/OLEA  (inset  in  Fig.  2).  Thus,  it  might  be  concluded 
that  ZFO/Suc  nanoparticles  are  homogenously  coated  by  a  carbo¬ 
naceous  film,  whereas  the  other  two  samples  are  either  partially 
coated  or  as  for  ZFO/OLEA,  which  contains  a  relatively  low  amount 
of  carbon,  the  carbon  coating  is  homogenous  but  rather  thin. 
Nonetheless,  all  samples  show  comparable  ratios  of  the  D  and  G 
band  intensities,  indicating  a  similar  degree  of  graphitization  for 
the  investigated  carbon  precursors  [21  ]. 
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Fig.  5.  SEM  images  of  electrodes  based  on  pristine  ZFO:  (a)  freshly  made  electrode  at  a  magnification  of  100  kx;  (b-d)  electrode  after  10  cycles  at  a  magnification  of  (b)  50  kx,  (c) 
100  kx,  and  (d)  25  kx. 


In  order  to  gather  further  insights  on  the  morphology  of  the 
three  coated  materials,  SEM  analysis  was  performed  (Fig.  3).  From 
the  images  it  is  obvious  that  pristine  ZFO  (Fig.  3a)  and  ZFO/Suc 
(Fig.  3b)  have  very  similar  particle  size  and  shape,  confirming  the 
assumption  of  a  homogenous  carbon  coating  as  revealed  by  Raman 
spectroscopy  and  previously  shown  by  HRTEM  analysis  [8].  How¬ 
ever,  a  slight  particle  aggregation  is  observed,  which  can  be 
explained  by  the  interconnection  of  the  coated  ZFO  nanoparticles 
by  carbon  [8].  In  Fig.  3c  the  ZFO/CA  composite  thermally  treated  at 
400  °C  is  shown.  It  is  obvious  that  the  ZFO  nanoparticles  are  highly 
agglomerated.  Moreover,  these  ZFO  agglomerates  appear  to  be 
embedded  in  a  carbon  matrix  rather  than  homogeneously  coated. 
These  observations  are  in  line  with  the  determined  BET  surface  area 
of  the  corresponding  samples  listed  in  Table  1.  A  homogenous 
coating  results  in  a  higher  specific  surface  area  than  bulky  carbon. 
For  ZFO/OLEA  (Fig.  3d)  no  difference  in  particle  shape  and  size  was 
observed  compared  to  the  pristine  sample.  Again,  this  corresponds 
well  with  the  determined  BET  surface  area,  which  is  very  close  to 
that  of  the  pristine  sample.  However,  the  remaining  carbon  cannot 
be  specifically  located,  strengthening  the  initial  assumption,  that 
the  obtained  carbon  coating  might  be  extremely  thin  rather  than 
inhomogeneous. 

Bearing  in  mind  that  the  different  composites  show  no  signifi¬ 
cant  difference  in  the  ratio  of  the  D  and  the  G  band  intensity,  the 
three  composites  and  pristine  ZFO  were  electrochemically  inves¬ 
tigated.  The  electrochemical  investigation  of  pristine  ZFO  is  pre¬ 
sented  in  Fig.  4.  In  Fig.  4a  the  constant  current  cycling  between 
0.01  V  and  3.0  V  at  C/10  rate  (100  mA  g-1)  of  pristine  ZFO  is  shown. 
As  already  described  in  literature  the  capacity  fades  rapidly  upon 
cycling  [8].  After  100  cycles  the  reversible  specific  capacity  further 
decreased  to  230  mAh  g-1,  corresponding  to  a  capacity  retention  of 
only  25%.  The  first  cycle  irreversible  capacity  loss  (ICL)  is  23%.  In 
fact,  this  ICL  is  lower  than  previously  reported  values  [3-5,7].  In 
Fig.  4b  the  potential  profiles  for  the  second  and  each  10th  cycle  are 


shown.  The  polarization  of  the  electrode  increases  sharply  upon 
cycling  while  the  characteristic  potential  profile  is  slowly  vanishing 
upon  cycling.  In  Fig.  4c  impedance  spectra  of  a  ZFO/Li  cell  after  the 
1st,  2nd,  3rd,  4th,  5th,  and  10th  cyclic  potential  sweep  are  pre¬ 
sented.  This  continuous  impedance  increase  upon  cycling  is 
generally  assigned  to  the  ongoing  formation  of  a  polymeric  layer  on 
the  particles  surface  and  a  resulting  gradual  loss  of  electrical  con¬ 
tact  within  the  electrode  [22].  Additionally,  other  factors  such  as, 
for  instance,  changes  in  porosity  of  the  electrode  upon  cycling 
might  have  an  influence  on  the  charge  transfer  impedance.  None¬ 
theless,  the  formation  of  a  polymeric  layer  on  the  particle  surface 
and  moreover  the  formation  of  a  thick  film,  covering  the  whole 
electrode  is  revealed  by  ex  situ  SEM  analysis  of  a  ZFO-based  elec¬ 
trode  after  10  cycles  (Fig.  5a-d).  The  formation  of  such  thick  and 
likely  electronically  insulating  layer  on  the  electrode  might  also  be 
a  reason  for  the  increasing  polarization  of  the  electrode  upon 
continuous  cycling  as  observed  by  means  of  galvanostatic  cycling. 
The  constant  current  cycling  and  the  corresponding  potential 
profiles  of  electrodes  based  on  the  ZFO/C  composite  materials  are 
presented  in  Fig.  6.  ZFO/Suc  (Fig.  6a)  shows  an  initial  discharge 
capacity  of  1440  mAh  g'1  with  a  reversible  (charge)  capacity  of 
1050  mAh  g_1,  corresponding  to  an  ICL  of  27%.  Upon  continuous 
(dis-)charging  the  specific  capacity  increases  to  around 
1100  mAh  g-1  after  60  cycles.  The  initial  reversible  capacity  is 
higher  than  the  reference  value  for  pristine  ZFO  (916  mAh  g-1), 
which  may  be  explained  by  the  enhanced  activation  of  the  active 
material  due  to  the  increased  electronic  conductivity  within  the 
electrode  and  the  improved  electrolyte  access  resulting  from  the 
porous  carbon  coating.  However,  upon  cycling  it  exceeds  the 
theoretically  expected  limit.  This  behavior  has  already  been  re¬ 
ported  for  carbon  coated  ZnFe204  [8]  as  well  as  other  transition 
metal  oxides  [23-28].  The  reason  for  the  increasing  capacity  upon 
cycling  needs  to  be  further  investigated.  However,  the  corre¬ 
sponding  potential  profiles  reveal  that  this  increase  in  capacity  is 
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Fig.  6.  Galvanostatic  cycling  of  ZFO-based  electrodes  (a)  ZFO/Suc,  (c)  ZFO/CA,  and  (e)  ZFO/OLEA.  Three  formation  cycles  at  C/20  (50  mA  g  1),  followed  by  constant  current  cycling  at 
C/10  (100  mA  g-1).  Cut-off  potentials:  0.01  V  and  3.0  V.  Potential  profiles  of  the  2nd  (C/20),  10th,  20th,  30th,  40th,  50th,  and  60th  cycle  of  ZFO-based  electrodes  (b)  ZFO/Suc,  (d)  ZFO / 
CA,  and  (f)  ZFO/OLEA.  Cut-off  potentials:  0.01  V  and  3.0  V.  Applied  C  rate:  C/10  (100  mA  g  1). 


mainly  gained  in  a  voltage  region  close  to  the  lower  cut-off  po¬ 
tential  of  0.01  V  (Fig.  6b).  Hence,  it  has  been  suggested,  that  this 
extra  capacity  originates  from  the  conductive  agent,  the  carbon 
coating,  as  well  as  the  reversible  formation  of  the  polymeric  layer 
[8].  In  fact,  future  studies  on  this  material,  focusing  on  the  opti¬ 
mization  of  the  carbon  coating  obtained  by  using  sucrose  as  carbon 
source  and  generally  the  carbon  content,  will  hopefully  allow 
further  insight  into  this  phenomenon.  Nevertheless,  in  the  case  of 
ZFO/Suc  the  formation  of  such  a  polymeric  layer  does  not  have  a 
detrimental  effect  on  the  internal  resistance  as  revealed  by  the 
absence  of  an  increasing  electrode  polarization  (Fig.  6b).  Overall, 
ZFO/Suc  provides  a  highly  stable  long-term  cycling  performance. 

For  ZFO/CA  an  initial  discharge  capacity  of  1360  mAh  g-1  is 
observed,  followed  by  an  initial  reversible  capacity  of 
1020  mAh  g_1,  resulting  in  an  ICL  of  25%  (Fig.  6c).  Concerning  the 
long-term  cycling  stability,  however,  no  significant  improvement 
relatively  to  pristine  ZFO  was  obtained.  This  poor  cycling  stability 
might  have  several  reasons:  The  comprised  phase  impurities  of  ZnO 
and  FeO  as  well  as  the  lower  carbon  content  relatively  to  ZFO/Suc 
and  the  formation  of  large  aggregates  of  ZFO  particles  and  carbon. 
However,  the  lack  of  an  efficient  percolating  conductive  network  is 
revealed  by  a  steadily  increasing  IR  drop  upon  cycling  (Fig.  6d).  For 
ZFO/OLEA  (Fig.  6e)  a  first  cycle  total  and  reversible  capacity  of 


Fig.  7.  Nyquist  plots  for  ZFO/Suc,  ZFO/CA,  and  ZFO/OLEA  electrodes  after  ten  cycles  at  a 
potential  of  3.0  V. 
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Fig.  8.  SEM  images  of  electrodes  based  on  (a)  pristine  ZFO,  (b)  ZFO/Suc,  (c)  ZFO/CA,  and  (d)  ZFO/OLEA  after  10  cycles.  Magnification:  100  kx. 


1380  mAh  g-1  and  1050  mAh  g-1  were  obtained,  respectively, 
corresponding  to  an  ICL  of  24%.  Comparing  the  ICL  of  all  four 
samples  it  appears  obvious  that  it  is  increasing  in  the  same  order  as 
the  BET  surface  area  (ZFO/Suc  >  ZFO/CA  >  ZFO/OLEA  >  ZFO),  which 
can  be  explained  by  an  increased  electrolyte  decomposition  for 
high  surface  area  active  materials  and  consequently,  an  increased 
SEI  formation.  However,  the  cycling  stability  of  ZFO/OLEA  was 
slightly  improved,  relatively  to  ZFO/CA,  particularly  for  the  first  5 
cycles,  although,  once  again,  the  capacity  fades  rather  rapidly  upon 
the  subsequent  cycles.  Nevertheless,  by  comparing  the  potential 
profiles  of  ZFO/OLEA  with  those  of  ZFO/CA,  it  is  obvious  that  a 
homogenous  carbon  distribution  is  much  more  efficient  in 
decreasing  the  electrode  polarization  than  a  simple  increase  of  the 
total  carbon  content  (Fig.  6d  and  f).  The  shape  of  the  potential  vs. 
specific  capacity  curve  is  similar  to  that  of  pristine  ZFO.  Neverthe¬ 
less,  the  capacity  is,  at  least  up  to  60  cycles,  higher,  before  even¬ 
tually  fading  to  the  same  level  as  pristine  ZFO.  Nonetheless,  it  can 
be  stated  that,  even  by  a  thin  carbon  coating,  the  electrode  polar¬ 
ization  growing  upon  cycling  can  be  reduced  (Fig.  6f)  and  therefore 
the  electrochemical  performance  of  ZFO,  in  terms  of  capacity  vs. 
cycling  can  be  improved.  However,  2.2  wt.%  of  carbon  do  not  permit 
a  stable  long-term  cycling. 

Electrochemical  impedance  spectroscopy  was  performed  to 
investigate  the  effect  of  carbon  coating  on  ZFO  nanoparticles.  The 
comparison  of  the  impedance  spectra  of  the  ZFO/C  composites  after 
ten  cyclic  potential  sweeps  is  presented  in  Fig.  7.  The  resistance  of 
the  electrodes  increases  in  the  order:  ZFO/Suc,  ZFO/CA,  and  ZFO/ 
OLEA,  i.e.,  in  a  reversed  manner  of  the  specific  surface  area 
(Table  1).  These  results  show  that  the  complete  and  homogenous 
carbon  coating  of  ZFO/Suc  offers  a  more  efficient  electronic 
conductive  network  than  those  of  ZFO/OLEA,  which  is  incomplete 
or  very  thin  coated,  and  ZFO/CA,  which  is  obviously  not  homoge¬ 
neously  coated.  The  increased  surface  area  is  due  to  the  porous 
character  of  the  carbon  coating  which  allows  an  enhanced 


electrolyte  penetration  of  the  electrode  composite,  finally  leading 
to  an  improved  ionic  conductivity  in  the  electrode  [8,29].  In 
Fig.  8(a-d)  SEM  images  after  10  cycles  are  presented.  For  uncoated 
ZFO  (Fig.  8a)  and  non-homogeneously  carbon  coated  ZFO/CA 
(Fig.  8c)  a  layer  on  the  electrode  surface  can  be  observed,  whereas 
ZFO/Suc  (Fig.  8b)  and  ZFO/OLEA  (Fig.  8d)  show  a  significantly 
decreased  film  formation  upon  cycling.  These  results  are  in  line 
with  the  result  obtained  by  means  of  galvanostatic  cycling  and  the 
corresponding  potential  profiles. 

4.  Conclusions 

The  influence  of  sucrose,  citric  acid,  and  oleic  acid  on  the  real¬ 
ization  of  carbonaceous,  electronically  conductive  networks  incor¬ 
porating  ZnFe204  nanoparticles  has  been  investigated.  Sucrose 
turned  out  as  the  carbon  precursor  of  choice  for  the  improvement 
of  the  electrochemical  performance  of  ZFO.  The  obtained  coating 
showed  a  homogenous  distribution,  evenly  covering  the  ZFO 
nanoparticles.  Additionally,  the  increased  BET  surface  area,  allow¬ 
ing  an  increased  electrolyte  penetration  of  the  electrode  composite, 
led  to  a  decreased  resistance  of  the  prepared  electrodes  compared 
to  the  pristine  ZFO  and  the  other  ZFO/C  composites.  These  prop¬ 
erties  finally  led  to  an  improved  electrochemical  performance  in 
terms  of  a  dramatically  enhanced  long-term  cycling  stability,  con¬ 
firming  the  beneficial  effect  of  the  carbon  coating  on  the  perfor¬ 
mance  of  ZnFe204  nanoparticles  as  active  material  for  lithium-ion 
anodes. 

In  particular,  it  was  revealed  that  the  homogeneity  of  such  a 
coating  rather  than  the  overall  carbon  amount  plays  a  key-role. 
Accordingly,  carbon  coated  ZnFe204  nanoparticles  utilizing  su¬ 
crose  as  carbon  precursor,  which  offers  the  best  coating  homoge¬ 
neity  while,  at  the  same  time,  allowing  a  facile  processing,  showed 
excellent  electrochemical  performance  delivering  a  specific  ca¬ 
pacity  higher  than  1000  mAh  g-1  for  more  than  60  cycles. 
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